Future work will simultaneously investigate the impact of important process variables on the fundamental mechanisms of grain refining and establish appropriate targets and ranges for these variables.
T h e P r o b l e m Aluminum-Lithium alloys were found to be more difficult to grain refine than conventional aluminum alloys. Standard grain-refining practices for aluminum alloys yielded inconsistent results as illustrated in Figure 1 . The presence of zirconium in the alloy explained some of this difficulty, but the effects of lithium on grain refining were unclear. Typical problems included TCG (twinned columnar grains) and non-uniform grain size.
These problems in grain refining led to processing and product quality difficulties. Detrimental effects were noted in the areas of:
1. Casting 2. Property degradation
Fabricability
During casting the presence of TCG caused increased cracking due t o hot tearing. This necessitated a reduction in the casting rate to avoid cracking, thus increasing the overall product cost.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987311 Degradation of aluminum-lithium alloys due to non-uniform grain refining occurred in two property areas. First, TCG was found t o decrease elongation as shown in Figure 2 . Secondly, the as-cast grain size strongly correlated with final product toughness. Fine as-cast grain size consistently resulted in lower product toughness (Figure 3 ). Although the mechanisms of this degradation are not yet understood, the interactions between ascast grain size and product properties are being pursued in order to identify the preferred grain size.
Fabrication difficulties with ingots containing TCG included surface checking on the rolling face of slabs and cracking of the slabs during hot rolling.
TCG Lowers Elongation
. . 
Grain Size Affects Toughness
Decreasing Grain Size - 6. Develop a control scheme to insure that process targets and operating limits are met consistently.
T h e E x p e r i m e n t a l Plan
In order to quickly fulfill the first objective listed above, a statistically designed experiment was selected to determine both the critical and non-critical operating variables, as well as significant interactions between these variables. Before the experiment could actually be run, potentially influential operating variables and the responses of interest had to be determined. The responses were easily identified as grain size and the presence of TCG.
Operating variables were selected based upoli:
review of scientific theory of grain refining *.interviews with technical experts analysis of historical data cross-analysis of production control charts
The resultant selection of eight operating variables for investigation led to the design of the 28-4 fractional factorial experiment shown in Table 1 . The high and low levels for each variable were selected to reflect process/alloy extremes. This approach was selected because of its many potential benefits. First, utilization of a statisticallydesigned experiment minimbed the confounding effects of production noise. It also enabled the identification of critical variables early in the product's life cycle and prior to the establishment of a long production history. Once the effect of operating variables are determined, their processing ranges can be set according to product sensitivity.
In addition to improving product consistency, both cost and manufacturing benefits are realized from the control of critical variables. Costly control loops and data acquisition are minimized to the bare essentials. Process flexibility is maintained by tightening operating ranges only as is necessary. This eliminates potential conflicts with required ranges for other process steps. Table 2 . The 28-4 fractional factorial experiment permitted evaluation of all main, single-variable effects. Main effects are confounded only with third and higher-order interactions. The two-factor interactions are d l mutually confounded in groups of four. For this reason, the effect of an individual two-factor interaction cannot be easily determined. However, in cases where the baseline effect differs from the effect at positive times, the interactive terms can be separated into two categories: those present before the grain refiner addition and, those occurring after. When only a single two-factor interaction falls into either category, its effect can be determined . Thus, four such interactive effects were identified as insignificant in Table   2 . All other interactions remain in groups. Although the sign and magnitude of individual effects within a group cannot be determined, the sum of the effects can be stated as either positive, negative or zero as listed in Table 3 . plots of the estimate of effect as a function of residence time are shown in Figure 6 for some of the critical operating variables and interactions. The approximate 95% confidence limits are plotted as error bars for each value.
Rating system

Conclusions
The strong positive effect of magnesium indicates that the optimum practice for grain refining will differ for alloys 2090 and 2091. Titanium was identified as the single most influential main effect, thereby requiring the greatest control. Other main effects, such as boron and temperature, were shown to be less critical; however, their overall contribution to grain refining cannot be fully determined until the magnitude of their interactive effects is discerned. Further experimentation is thus required t o unconfound the remaining two-factor interactibns.
Of the eight operating variables examined, only titanium, boron and method are unique to the grain refining step of the ingot manufacturing process. All other variables impact other functions. It is, therefore, advantageous to control grain refining through tight control of the "three-function specificY variables while maintaining flexibility around the others. The identification of titanium as a key operating variable demonstrates the feasibility for this type of process control.
